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FOREWORD

THE REGIONAL AQUIFER-SYSTEM ANALYSIS PROGRAM

The RASA Program represents a systematic effort to study a number of
the Nation’s most important aquifer systems, which, in aggregate, underlie
much of the country and which represent an important component of the
Nation’s total water supply. In general, the boundaries of these studies are
identified by the hydrologic extent of each system and, accordingly, tran-
scend the political subdivisions to which investigations have often arbi-
trarily been limited in the past. The broad objective for each study is to
assemble geologic, hydrologic, and geochemical information, to analyze and
develop an understanding of the system, and to develop predictive capabili-
ties that will contribute to the effective management of the system. The use
of computer simulation is an important element of the RASA studies to
develop an understanding of the natural, undisturbed hydrologic system
and the changes brought about in it by human activities and to provide a
means of predicting the regional effects of future pumping or other stresses.

The final interpretive results of the RASA Program are presented in a
series of U.S. Geological Survey Professional Papers that describe the
geology, hydrology, and geochemistry of each regional aquifer system. Each
study within the RASA Program is assigned a single Professional Paper
number beginning with Professional Paper 1400.

Charles G. Groat
Director
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The National Geodetic Vertical Datum of 1929 (NGVD of 1929) is a geodetic datum derived from a
general adjustment of the first-order level nets of both the United States and Canada, formerly called

“Sea Level Datum of 1929.”



REGIONAL AQUIFER-SYSTEM ANALYSIS—NORTHERN ATLANTIC COASTAL PLAIN

GROUND-WATER FLOW IN THE NEW JERSEY COASTAL PLAIN

By MARY MARTIN

ABSTRACT

Ground-water flow was simulated in 10 aquifers and 9 intervening
confining units of the New Jersey Coastal Plain, which consists of
unconsolidated gravel, sand, silt, and clay of early Cretaceous to
Holocene age. A multilayer finite-difference model was used to simu-
late both prepumping steady-state conditions and transient conditions
from 1896 through 1980. Model calibration indicates that the highest
transmissivity, greater than 10,000 feet squared per day, is in Camden
and Gloucester Counties in the three Potomac-Raritan-Magothy aqui-
fers; Monmouth and Ocean Counties in the middle Potomac-Raritan-
Magothy aquifer; in Atlantic and Cape May Counties in the confined
Kirkwood aquifer; and in Ocean, Burlington, Atlantic, and Cape May
Counties in the lower and upper Kirkwood-Cohansey aquifers.
Confining-unit vertical leakance is highest, greater than 1x107° feet
per day, per foot, in updip areas and lowest, less than 1x107° feet per
day, per foot, in downdip areas.

Sensitivity analyses show that the model was useful in refining initial
estimates of transmissivity and confining-unit vertical leakance near
the major cones of depression and that the assumptions associated with
the lateral and downdip boundary conditions do not seriously limit the
usefulness of the model results. However, simulated water levels near
the major cones of depression in several aquifers are fairly sensitive to
parts of the model framework, including confining-unit characteristics
along the outcrop of the Potomac-Raritan-Magothy aquifers, the updip
limit of the confined Kirkwood aquifer, and the downdip limit of the
upper and lower sand units of the Englishtown aquifer system.

Calibration and sensitivity analyses also show that aquifer storage
coefficients are about 1x107*, except in downdip areas of the Potomac-
Raritan-Magothy aquifers, where they may be as much as eight times
higher. Confining-unit specific storage is about 6x107° per foot. Areas
near the center of the major cones of depression in the Potomac-
Raritan-Magothy, Englishtown, Wenonah-Mount Laurel, and Kirkwood-
Cohansey aquifers approximated steady-state conditions in 1981. How-
ever, downdip and offshore areas are under transient-flow conditions.
Simulated changes in water levels along the saltwater-freshwater
interface boundary (the occurrence of ground water with greater than
10,000 milligrams per liter chloride concentrations) indicate that the
lower Potomac-Raritan-Magothy aquifer and the confined Kirkwood
aquifer have the greatest potential for movement of the interface.
However, simulated hydraulic gradients within the aquifers near the
interface boundary cannot be used to quantify movement of the
interface. The simulated sources of water to wells in 1978 included 3
percent from aquifer storage, 3 percent from boundary flows, 4

percent from the ocean and bays, and 90 percent from decreased
discharge to or increased recharge from streams; that is, from a
reduction in streamflow.

The prepumping regional flow system recharged in upland areas in
Mercer, Middlesex, and western Monmouth Counties; in western
Ocean and central Burlington Counties; and in central Gloucester and
Camden Counties and discharged to the Atlantic Ocean, Delaware
River, Delaware Bay, Raritan Bay, and to large rivers in the Coastal
Plain. Under pumping conditions, regional cones of depression formed
in the three Potomac-Raritan-Magothy aquifers and in the Englishtown
aquifer, Wenonah-Mount Laurel aquifer, and the confined Kirkwood
aquifer.

INTRODUCTION

The New Jersey Coastal Plain is a major source of
ground water for the southern half of New Jersey and is
part of the northern Atlantic Coastal Plain aquifer sys-
tem, which extends from Long Island, N.Y., to the
southeast boundary of North Carolina. The New Jersey
Coastal Plain covers an area of about 4,200 square miles
(mi%). Coastal Plain sediments are a southeastward-
thickening wedge of unconsolidated gravel, sand, silt,
and clay of Early Cretaceous to Holocene age. These
sediments are more than 6,500 feet thick in southern
Cape May County and are underlain primarily by Pre-
cambrian bedrock (Zapecza, 1984, p. 6).

Withdrawals from the New Jersey Coastal Plain
aquifers were more than 350 million gallons per day
(Mgal/d) in 1980 (Vowinkel, 1984, p. 7). Regional cones of
depression are present in six major aquifers, and water
levels have declined in one aquifer, to an altitude of more
than 240 feet below sea level (Walker, 1983). Declines
in water levels have increased the potential for move-
ment of saltwater into freshwater aquifers; for move-
ment of contaminants into, within, and between aquifers;
and for permanent decreases in stream baseflow.
These problems result from local and regional changes
in the ground-water flow system. Effective resource
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management, which minimizes these problems, requires
definition of the regional hydrogeologic framework and
flow system.

PURPOSE AND SCOPE

The study that generated this report is one of a series
that comprises the U.S. Geological Survey’s Regional
Aquifer Systems Analysis (RASA) program (described
in the Foreword). This study is part of the northern
Atlantic Coastal Plain RASA whose objectives include a
complete description of the hydrogeologic framework,
geochemistry of the ground water, and simulation of
predevelopment and present ground-water flow condi-
tions by digital models. The purpose of this report is to
describe the prepumping and transient flow systems in
the New Jersey Coastal Plain aquifer system as part of
the New Jersey RASA program. Specifically, this report
describes (1) the conceptual hydrogeologic model of the
stressed and unstressed flow systems, (2) the methods
and approach used in simulating flow, and (3) the results
and conclusions of the flow simulations. The simulation of
ground-water flow in the New Jersey Coastal Plain was
coordinated with RASA modeling studies in the other
States within the northern Atlantic Coastal Plain and
with a regional RASA modeling study. The regional
RASA model simulated ground-water flow in the entire
northern Atlantic Coastal Plain by incorporating data
from modeling studies in Long Island, N.Y., New Jer-
sey, Delaware, Maryland, Virginia, and North Carolina.
As part of the regional RASA, the New Jersey study
area is adjacent to the Long Island, N.Y., study area to
the northeast and the Delaware-Maryland RASA study
area to the southwest. This report describes the meth-
odology and results of the digital simulation of ground-
water flow in the New Jersey Coastal Plain.

As part of the New Jersey RASA project, data on
aquifer and confining-unit characteristics and on pump-
age and water levels from 1918 through 1980 were
compiled for the entire New Jersey Coastal Plain. The
hydrogeologic framework of the New Jersey Coastal
Plain has been described by Zapecza (1984). The frame-
work report describes the sequence of aquifers and
confining units and includes thickness maps of the aqui-
fers and confining units and structure contour maps of
the tops of the aquifers. Aquifer and confining-unit
characteristics are summarized in this report. Pumpage
and water-level data are presented by Zapecza, Voronin,
and Martin (1987).

These data were incorporated into a digital model of
the ground-water flow system, and flow was simulated
for prepumping steady-state conditions (pre-1896) and
transient conditions from 1896 through 1980. The
ground-water flow system in sediments of the New

REGIONAL AQUIFER SYSTEM ANALYSIS—NORTHERN ATLANTIC COASTAL PLAIN

Jersey Coastal Plain and in offshore sediments that
contain water with less than 10,000 milligrams per liter
(mg/L) chloride concentration was analyzed.

LOCATION AND EXTENT

The New Jersey Coastal Plain is about one-fifth of the
northern Atlantic Coastal Plain and is shown in figure 1.
The emerged part of the New Jersey Coastal Plain
extends from the Fall Line, the northwestern limit of the
Coastal Plain sediments, to the Atlantic Ocean in the
southeast, and from the Raritan Bay in the northeast, to
the Delaware Bay in the southwest. The Delaware River
overlies Coastal Plain sediments near the Fall Line
between northern Burlington County and western Salem
County.

The study area shown in figure 1 covers about 9,000
miZ and extends from the Fall Line to about 20 miles (mi)
offshore in the southeast. The area extends from Raritan
Bay to the center of Delaware Bay. In New Jersey, the
study area includes all of Monmouth, Burlington, Ocean,
Camden, Gloucester, Salem, Atlantic, Cumberland, and
Cape May Counties and parts of Middlesex and Mercer
Counties. The model area, which is larger than the study
area, also includes parts of New Castle County, Del., and
Philadelphia and Buck Counties, Pa.

PREVIOUS INVESTIGATIONS

Numerous reports have been published that describe
the hydrogeology of the Coastal Plain sediments. Table 1
lists the major sources of data and information on well
identification, water levels, aquifer and confining-unit
characteristics, withdrawals, and flow-system character-
istics used in this study. The publications are generally of
four types. Data reports are a compilation of data for a
particular area. Areal studies sometimes include compi-
lations of data but also describe the geology and hydrol-
ogy of an area. Interpretive studies quantify certain
aspects of the ground-water flow system, such as water
levels or aquifer thickness, as continuous characteristics
over an area using both observed data and principles of
hydrology. Simulation studies are similar to interpretive
studies; however, digital modeling techniques are used to
incorporate large amounts of data. Simulation studies
quantify aspects of the ground-water flow system that
are not easily quantified from observed data, such as the
hydraulic properties of aquifers and confining units and
the response of the aquifer system to withdrawals.

Investigations of New Jersey Coastal Plain aquifers
consisted primarily of areal studies from the late 1920’s
to the early 1970’s. Simulation studies began in the
mid-1970’s and generally were analyses of limited parts
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TaBLE 3.—Summary of data on transmissivity, hydraulic conductivity, and storage coefficient for aquifers in the New Jersey Coastal
Plain—Continued

Hydraulic Storage

Transmissivity conductivit coefficient Type Location Reference
(@) (ft/dl)Vl Y (dimensicolflless) of data "
WENONAH-MOUNT LAUREL AQUIFER (A5)
360-1,430 17 7.0x107°to  Aquifer test Bradley Beach, Jablonski (1968, p. 62).
2.1x107* Monmouth County.
360-1,400 13-19 1.5x107%to Model results  Monmouth, Ocean, and Nemickas (1976, p. 39).
3.5x107* northeastern Burlington
Counties.
1,200 13 3.5x107* Aquifer test Salem, Salem County Rosenau and others (1969, p. 40).
940 19 — Aquifer test Artificial Island, Salem Farlekas and others (1976, p. 70).
County.
VINCENTOWN AQUIFER (A6)
530 21 - Laboratory Outcrop area between Rush (1968, p. 53).
test. Jacobstown and New
Egypt, Burlington County.
PINEY POINT AQUIFER (A7)
1,200-6,000 — 2x1074 to Aquifer tests  Delaware Cushing, Kantrowitz, and Taylor
4x1074 (1973, p. 43).
4,100 — 3.0x107* Aquifer test Dover, Kent County, Leahy (1976, p. 10).
Delaware.
1,000-7,000 — 3.0x1074 Model results  Kent County, Delaware Leahy (1979, p. 35 and 40).
1,400 23 3x107* Aquifer test Ancora, Camden County Rush (1968, p. 56).
LOWER KIRKWOOD-COHANSEY AQUIFER AND CONFINED KIRKWOOD AQUIFER (A8)
5,200-5,900 4248 1.2x107%*to  Aquifer test Atlantic City, Atlantic USGS unpublished data.
2.3x107* County.
9,900-12,500 120-150 2.3x107* to Aquifer test Pleasantville, Atlantic Gill (1962a, p. 47).
2.8x10* County.
8,800-9,600  108-120 2.6x10 *to  Aquifer test Pleasantville, Atlantic Gill (1962a, p. 47).
2.7x107* County.
3,400-3,600 3841 8.5x107°to Aquifer test Stone Harbor, Cape May Gill (1962a, p. 47).
9.0x107° County.
6,700 — 3.0x1074 Statistical Longport, Cape May County Gill (1962a, p. 47).
1,500 - 6x107¢ Aquifer test Ocean Gate, Ocean County =~ Anderson and Appel (1969, p. 48).
UPPER KIRKWOOD-COHANSEY AQUIFER (A9)
16,000 130 4.2x107* Aquifer test Linwood, Atlantic County Rhodehamel (1973, p. 55).
20,000 130 — Aquifer test Batsto, Burlington County Rhodehamel (1973, p. 55).
12,000 120 - Aquifer test Lebanon State Forest, Rhodehamel (1973, p. 55).

Burlington County.
5,500-8,400 86-130 2.2x10"*to  Aquifer tests  Cape May City, Cape May  Gill (1962a, p. 49).

4.9x107* County.
3,600—4,500 53-67 1.2x107*to Aquifer tests  Sewell’s Point, Cape May Gill (1962a, p. 49).

2.4x107* County.

10,000 170 - Aquifer test Véneland, Cumberland Rhodehamel (1973, p. 55).
ounty.

4,000 130 1.0x1073 Aquifer test Clayton, Gloucester County = Rhodehamel (1973, p. 55).

7,500 250 — Aquifer test Clayton, Gloucester County = Rhodehamel (1973, p. 55).

8,300 90 — Aquifer test Wéilliamstown, Gloucester Rhodehamel (1973, p. 55).
ounty.

3,800 140 — Aquifer test Toms River, Ocean County =~ Rhodehamel (1973, p. 55).

4,300 150 3x107* Aquifer test Elmer, Salem County Rhodehamel (1973, p. 55).

20,000 150 4.4x1072 Aquifer test Brotmanville, Salem County Rhodehamel (1973, p. 55).

! Model unit Al or A2.
2 Model unit Al or A3.
3 Model unit A1, A2, and A3 combined.
4 Model unit A2 or A3,
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TAaBLE 4. — Summary of vertical hydraulic-conductivity data for confining units in the New Jersey Coastal Plain

Location: Shown on confining unit thickness maps (figs. 6, 8, 10, and 12).

Geologic unit

Vertical
hydraulic Type )
conductivity of data Location
(ft/d)

Reference

CONFINING UNIT BETWEEN THE MIDDLE AND UPPER POTOMAC-RARITAN-MAGOTHY AQUIFERS (C2)

Woodbridge Clay Member  3.6X 1072 to Model results Southeastern Middlesex Farlekas (1979, p. 36).

of the Raritan Foramtion. 8.6x10°° County to northern
Monmouth County.

Woodbridge Clay Member  8.4x102 Aquifer test South Brunswick Township, Farlekas (1979, p. 12).

of the Raritan Formation. and model Middlesex County.
results.
MERCHANTVILLE-WOODBURY CONFINING UNIT (C3)
Merchantville Formation 1.0x1074 to Laboratory Winslow Township, Camden Farlekas and others (1976, p.
4.0x1074 test. County. 133-134).

Merchantville Formation 3.7x107¢ to Laboratory Fort Dix, Burlington Nichols (1977b, p. 58).
and Woodbury Clay. 6.0x107° test. County.

Merchantville Formation 3.6x10 % to Laboratory Lakewood, Ocean County Nichols (1977a, p. 58).
and Woodbury Clay. 1.4x107° test.

Merchantville Formation 4.3x107° Model results Northern Coastal Plain Nichols (1977a, p. 76).
and Woodbury Clay. New Jersey.

Merchantville Formation 8.6x1077 to Model results New Jersey Coastal Plain Luzier (1980, p. 29).
and Woodbury Clay. 1.7x1073

Woodbury Clay 1.0x107* to Laboratory Winslow Township, Camden Farlekas and others (1976, p.

3.0x1072 test. County. 133-134.

Englishtown Formation 1.9x107® Laboratory Lakewood, Ocean County Nichols (1977a, p. 58).

clayey silt lithofacies. test.

MARSHALLTOWN-WENONAH CONFINING UNIT (C4)

Marshalltown Formation
Marshalltown Formation
Marshalltown Formation
Marshalltown Formation
and Wenonah Formation.

Marshalltown Formation
and Wenonah Formation.

2.6x1074 Laboratory Fort Dix, Burlington
test. County.
1.3x107" Laboratory ~ Winslow Township, Camden
test. County.
4.9x1074 Laboratory Lakewood, Ocean County
test.
5.7x107¢ to Laboratory Brick Township, Ocean
2.4x107° test. County.
1.5x107° Model results Northern Coastal Plain
New Jersey.

Nichols (1977a, p. 58).

Farlekas and others (1976, p.
133).

Nichols (1977a, p. 58).

Nichols (1977, p. 48).

Nichols (1977a, p. 76).

NAVESINK-HORNERSTOWN CONFINING UNIT (C5)

Navesink Formation
Navesink Formation
Navesink Formation

Red Bank Sand

Hornerstown Sand
Hornerstown Sand
Hornerstown Sand

Navesink Formation and
Hornerstown Sand.

2 Laboratory Arneytown, Burlington
test. County.

5.0x107* to Laboratory Winslow Township, Camden

1.3x107! test. County.

9 Laboratory Sewell, Gloucester County
test.

1.3x1071 Laboratory Arneytown, Burlington
test. County.

3.0x10 % and  Laboratory Arneytown, Burlington

2.0x1072 test. County.

8.0x10 2 to Laboratory ~ Winslow Township, Camden

6.7x107! test. County.

4 Laboratory Sewell, Gloucester County
test.

5.6x1072 Aquifer test  Salem, Salem County

Rush (1968, p. 51).

Farlekes and others (1976, p.
133).
R405)enau and others (1969, p.
6).
Rush (1968, p. 51).

Rush (1968, p. 52).

Farlekas and others (1976, p.
133).

Rosenau and others (1969, p.
46).

Rosenau and others (1969, p.
46).

BASAL KIRKWOOD CONFINING UNIT (C7)

Alloway Clay Member of
the Kirkwood Formation.

2.0x107° to

Cumberland County
5.2x107°

Laboratory
tests.

Nemickas and Carswell (1976,
p. 4).
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CONFINING UNIT BETWEEN THE LOWER AND MIDDLE
POTOMAC-RARITAN-MAGOTHY AQUIFERS

The confining unit above the lower aquifer of the
Potomac-Raritan-Magothy aquifer system is a section of
predominantly silt and clay sediments, with some sand,
in the lower third of the undifferentiated Potomac-
Raritan-Magothy aquifer system. In the model, this
confining unit is referred to as the confining unit between
the lower and middle Potomac-Raritan-Magothy aquifers
and is designated as model unit C1. The thickness of this
confining unit is shown in figure 4. Confining-unit thick-
ness data near the Delaware River in northwestern
Salem, Gloucester, and Camden Counties, are from
Zapecza (1984, pl. 6). In downdip areas in the eastern
Coastal Plain, the confining-unit thickness is estimated
from available borehole geophysical logs. The thickness
of this confining unit ranges from less than 50 feet near
the Delaware River to 500 feet in downdip areas near the
Delaware River in Salem County. The modeled confining
unit has the same areal extent as the lower Potomac-
Raritan-Magothy aquifer (Al) and is overlain every-
where by the middle Potomac-Raritan-Magothy aquifer
(A2).

No previous estimates of vertical hydraulic conductiv-
ity have been made for the confining-unit sediments
between the lower and middle aquifers of the Potomac-
Raritan-Magothy aquifer system in the New Jersey
Coastal Plain. Many previous studies (Barksdale and
others, 1958; Farlekas and others, 1976; Luzier, 1980;
and Walker, 1983) have discussed various aspects of the
hydrogeology of the lower aquifer of Potomac-Raritan-
Magothy aquifer system in combination with the middle
or middle and upper aquifers of the Potomac-Raritan-
Magothy aquifer system. These studies suggest that the
vertical hydraulic connection within the Potomac-
Raritan-Magothy aquifer system is relatively high and
that the hydraulic conductivity of the confining unit
between the lower and middle aquifers of the Potomac-
Raritan-Magothy aquifer system is somewhat higher
than the hydraulic conductivity of the Merchantville-
Woodbury confining unit that overlies the upper aquifer
of the Potomac-Raritan-Magothy aquifer system. How-
ever, similarity in water levels in the lower and middle
parts of the aquifer system compared to the upper part of
the aquifer system may result from the distribution of
ground-water withdrawals rather than from the degree
of hydraulic connection.

The hydraulic conductivity of the confining unit
between the lower and middle Potomac-Raritan-
Magothy aquifers is assumed to be similar to (and
possibly higher than) hydraulic conductivity estimates
for the confining. unit between the middle and upper
Potomac-Raritan-Magothy aquifers and as much as two
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orders of magnitude more than the hydraulic conductiv-
ity of the Merchantville-Woodbury confining unit.

MIDDLE POTOMAC-RARITAN-MAGOTHY AQUIFER

The middle Potomac-Raritan-Magothy aquifer com-
pletely overlies the confining unit between the lower and
middle Potomac-Raritan-Magothy aquifers. In areas
where the underlying aquifer and confining unit, model
units Al and C1, do not exist, the middle aquifer overlies
bedrock, weathered bedrock, or clays. The modeled
aquifer, model unit A2, represents the middle aquifer of
the Potomac-Raritan-Magothy aquifer system, which is
equivalent to the Farrington aquifer (the Farrington
Sand Member of the Raritan Formation) in the north-
eastern New Jersey Coastal Plain.

Structure contours of the top of the middle Potomac-
Raritan-Magothy aquifer are shown in figure 5. The
altitude on the top of the middle aquifer ranges from land
surface in the outerop area near the Fall Line to more
than an estimated 2,800 feet below sea level in downdip
seaward areas east of Atlantic County. The altitude data
of the top of the aquifer near the Delaware River and in
northwestern Monmouth and Ocean Counties are from
Zapecza (1984, pl. 7). The top of the middle aquifer in
downdip undifferentiated areas in the southern and
southwestern Coastal Plain is estimated from available
borehole geophysical logs. Generally, this aquifer is the
sandiest part of the middle third of the undifferentiated
Potomac-Raritan-Magothy aquifer system. The middle
aquifer extends from the Fall Line to some unknown
distance downdip beneath the Atlantic Ocean. However,
the modeled freshwater part of the middle aquifer is
shown to extend from the Fall Line to southern Cum-
berland and southern Atlantic and Ocean Counties but
not beneath most of Cape May County. The thickness of
the middle aquifer near the Delaware River ranges from
50 feet to 150 feet and is more than 600 feet in downdip
areas offshore of Ocean County.

The middle Potomac-Raritan-Magothy aquifer is con-
tinuous into Delaware where it is the sandy part of the
upper half of the Potomac Formation (D.A. Vroblesky,
written commun., 1985). The middle aquifer is equivalent
to the Lloyd aquifer (the Lloyd Sand Member of the
Raritan Formation) on Long Island, N.Y. (Henry Trapp,
written commun., 1985).

Aquifer-test analyses (table 3) indicate that the trans-
missivity of the middle aquifer ranges from 550 to 22,000
ft?/d; however, one aquifer test in Burlington County
(Rush, 1968, p. 33) shows unrealistic transmissivity
values over 68,000 ft?/d. Most of the aquifer-test analyses
are from the northern Coastal Plain and give transmis-
sivity values that are higher than the few analyses for
the lower aquifer. Storage coefficient estimates from
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these tests range from 3.7x107° to 8.1x1072 and are
similar to storage coefficient estimates for the lower
aquifer.

CONFINING UNIT BETWEEN THE MIDDLE AND UPPER
POTOMAC-RARITAN-MAGOTHY AQUIFERS

The confining unit between the middle and upper
Potomac-Raritan-Magothy aquifers is designated C2 in
the model. This confining unit generally represents the
clayey part within the middle third of the undifferenti-
ated Potomac-Raritan-Magothy aquifer system and
overlies the middle aquifer everywhere except where the
middle aquifer crops out near the Fall Line. The thick-
ness of the middle confining unit is shown in figure 6.
Near the Fall Line, the thickness is generally less than
50 feet (Zapecza, 1984, pl. 9). In downdip areas, the
thickness was estimated on the basis of available geo-
physical logs. The confining unit generally thickens
downdip and is more than 600 feet near the 10,000 mg/L
chloride line.

Estimates of vertical hydraulic conductivity for the
confining unit range from 8.6x107° to 8.4x107% feet per
day (ft/d) (table 4). These estimates are derived from a
flow modeling study of the underlying aquifer in the
northeastern Coastal Plain by Farlekas (1979) and sug-
gest that the vertical hydraulic conductivity varies sev-
eral orders of magnitude locally.

UPPER POTOMAC-RARITAN-MAGOTHY AQUIFER

The upper Potomac-Raritan-Magothy aquifer overlies
the confining unit between the middle and upper aquifers
everywhere except where the confining unit crops out
near the Fall Line. This aquifer, designated A3 in the
model, is the upper aquifer of the Potomac-Raritan-
Magothy aquifer as described by Zapecza (1984, p. 18-19)
and is primarily the Magothy Formation in New Jersey
but is the Old Bridge aquifer (the Old Bridge Sand
Member of the Magothy Formation) in the northeastern
New Jersey Coastal Plain. The upper aquifer, like the
middle aquifer, extends from its outcrop area near the
Fall Line to some unknown distance downdip beneath
the Atlantic Ocean. The downdip area of the upper
aquifer simulated by the model, however, is limited to
the area with freshwater. The modeled extent of the
upper aquifer is greater than that of the lower and
middle aquifers, because freshwater occurs offshore in
the upper aquifer. The upper aquifer is present in each
county of the New Jersey Coastal Plain.

The altitude of the top of the aquifer (fig. 7) ranges
from land surface in the outerop area to more than 2,200
feet below sea level in downdip areas south of Cape May
County. The altitude of the top of the upper aquifer is
that shown by Zapecza (1984, pl. 10). The altitude in
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offshore areas where no borehole geophysical logs are
available was estimated on the basis of the onshore
structural trends. The thickness of the upper aquifer of
the Potomac-Raritan-Magothy aquifer system is shown
by Zapecza (1984, p. 11). The aquifer is thinnest near the
outerop area, where it is less than 50 feet thick and near
the Delaware Bay where it is about 75 feet thick. The
aquifer thickens to more than 200 feet in eastern Mon-
mouth County.

The upper aquifer is continuous with the Magothy
Formation of Delaware (D.A. Vroblesky, written com-
mun., 1985) and is modeled in the northern Atlantic
Coastal Plain RASA study as the approximate lower
third of the Magothy Formation in New York (P.P.
Leahy, written commun., 1985). Except in the outerop
area, the upper aquifer is overlain everywhere by the
Merchantville-Woodbury confining unit.

Two aquifer tests in New Jersey are summarized in
table 3 for the upper aquifer. Although these tests are
listed for the upper aquifer, this cannot be confirmed
because of incomplete well records. There is no evidence
to suggest that the hydraulic conductivity or lithology of
the upper aquifer of the Potomae-Raritan-Magothy aqui-
fer system differs greatly from the hydraulic conductiv-
ity and lithology of the lower or middle aquifers of the
Potomac-Raritan-Magothy aquifer system. Differences
in transmissivity among the three aquifers result primar-
ily from differences in thickness.

MERCHANTVILLE-WOODBURY CONFINING UNIT

The Merchantville-Woodbury confining unit generally
represents the sediments of the Merchantville-
Woodbury confining unit described by Zapecza (1984, p.
19-20). However, several modifications were made to
incorporate the unit into the model framework as model
unit C3. In areas where the overlying Englishtown
Formation includes an upper and lower sand unit within
the aquifer (Nichols, 1977b, p. 15), the confining unit
between these sands is specified for this report to be part
of the Merchantville-Woodbury confining unit. The
thickness of model unit C3 (fig. 8) is, therefore, slightly
greater than the thickness of the Merchantville-
Woodbury confining unit shown by Zapecza (1984, pl. 12)
in Ocean, southeastern Monmouth, and southeastern
Burlington Counties. Also, in areas southeast of the
downdip limit of the Englishtown aquifer system,
Zapecza (1984, p. 19) includes all sediments between the
overlying Wenonah-Mount Laurel aquifer and the under-
lying Potomac-Raritan-Magothy aquifer system in the
Merchantville-Woodbury confining unit. Model unit C3,
however, includes only the lower part of these sediments
in these areas. The upper part is assigned to model unit
C4. The thickness of the confining unit in Cumberland,
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Cape May, Atlantic, and southern Burlington and Ocean
Counties is, therefore, less than that shown by Zapecza
(1984, pl. 12). The sediments represented by model unit
C3 are illustrated in figure 2 and table 2. The modeled
confining unit increases in thickness downdip, from less
than 50 feet at the outerop to more than 400 feet along
the coast of Ocean County.

Estimates of vertical hydraulic conductivity for sedi-
ments of the Merchantville-Woodbury confining unit
have been made from model simulation studies and
laboratory analyses (table 4). Estimates range from
8.6x1077 to 3.0x1072 ft/d. Luzier (1980, p. 29) shows
hydraulic conductivity decreasing in the downdip direc-
tion. The sediments of the Merchantville-Woodbury con-
fining unit have long been recognized (Barksdale and
others, 1958, p. 135-136) as one of the most effective
confining units in the New Jersey Coastal Plain.

ENGLISHTOWN AQUIFER

The Englishtown aquifer, designated A4 in the model,
overlies the Merchantville-Woodbury confining unit but
has a more limited areal extent. Model unit A4 repre-
sents both sand units of the Englishtown aquifer system
described by Zapecza (1984, p. 20-22). The altitude of the
top of the Englishtown aquifer is shown on figure 9. The
aquifer extends from its outcrop area several miles
southeast of the Fall Line to northern Cumberland,
northern Atlantie, southern Burlington, and southern
Ocean Counties. The downdip limit of this model unit is
at a facies change to silt and clay and is the downdip limit
of the permeable sand. The Englishtown aquifer contains
freshwater everywhere. The altitude of the top of the
aquifer ranges from land surface in the outerop area to
more than 1,600 feet below sea level offshore of Ocean
County. The altitudes shown in figure 9 are those shown
by Zapecza (1984, pl. 13), with projected altitudes in
offshore areas.

The thickness of the modeled aquifer is the same as the
thickness of the Englishtown aquifer system shown by
Zapecza (1984, pl. 14). The aquifer is generally less than
100 feet thick. However, the Englishtown aquifer has its
greatest thickness of 200 feet in southern Monmouth and
northeastern Ocean Counties, where two distinet perme-
able sand units are present. The thickness of the upper
sand unit, which has the greatest withdrawals, is less
than 120 feet in this area.

The Englishtown aquifer in New Jersey is continuous
with the Englishtown Formation in Delaware (D.A.
Vroblesky, written commun., 1985) and is modeled as the
approximate middle third of the Magothy Formation in
New York in the hydrogeologic framework of the north-
ern Atlantic Coastal Plain RASA model (P.P. Leahy,
written commun., 1985). The Englishtown aquifer is
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overlain everywhere except in its outcrop area by the
Marshalltown-Wenonah confining unit.

Transmissivity estimates for the Englishtown aquifer
derived from model simulations range from 400 to 2,400
ft%d (table 3). Transmissivity estimates from aquifer-
test analyses are comparable and range from 1,100 to
2,100 ft%/d. These estimates are considerably lower than
transmissivity estimates for the Potomac-Raritan-
Magothy aquifers. These lower transmissivities are
related to the low hydraulic conductivity and thickness of
the Englishtown aquifer. Estimates of the storage coef-
ficient range from 7.6x107° to 2.7x10~* (table 3).

MARSHALLTOWN-WENONAH CONFINING UNIT

In areas overlying the Englishtown aquifer, the
Marshalltown-Wenonah confining unit represents the
sediments of the Marshalltown-Wenonah confining unit
described by Zapecza (1984, p. 22-23). In areas southeast
of the downdip extent of the Englishtown aquifer, this
unit is part of the Merchantville-Woodbury confining unit
described by Zapecza (1984, p. 19-20). The sediments
represented by model unit C4 are shown in table 2 and
figure 2. This confining unit is relatively thin, ranging
from less than 20 feet to less than 100 feet, and has the
same downdip extent as the Merchantville-Woodbury
confining unit (C3) (fig. 10). Therefore, southeast of the
downdip limit of the Englishtown aquifer (A4), this
confining unit directly overlies the Merchantville-
Woodbury confining unit (C3).

Estimates of vertical hydraulic conductivity for sedi-
ments of the Marshalltown-Wenonah confining unit
range from about 5.7x107% to 4.9x107* ft/d (table 4).
However, one laboratory analysis of cores from Camden
County indicated an unusually high vertical hydraulic
conductivity of 1.3x 107" ft/d.

WENONAH-MOUNT LAUREL AQUIFER

The Wenonah-Mount Laurel aquifer, designated A5 in
the model, overlies the Marshalltown-Wenonah confining
unit (C4). The altitude data of the top of the Wenonah-
Mount Laurel aquifer (fig. 11) is from Zapecza (1984, pl.
16). The aquifer extends from its outcrop area, several
miles southeast of the Fall Line, about 50 to 60 miles
downdip, where there is a facies change from sand to silt
and clay. The altitude of the top of the aquifer ranges
from land surface in its outcrop area and is estimated to
be more than 2,400 feet below sea level beneath the
Atlantic Ocean. The aquifer is thickest in southeastern
Gloucester and Salem Counties and northwestern Cum-
berland County where it is over 120 feet thick (Zapecza,
1984, pl. 17). The aquifer generally thins downdip and is
less than 40 feet thick in southern Cape May County.
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The Wenonah-Mount Laurel aquifer is equivalent to
permeable sands in the Monmouth Formation in Dela-
ware (D.A. Vroblesky, written commun., 1985) and is
modeled as the upper part of the Magothy Formation in
New York by the regional RASA study (P.P. Leahy,
written commun., 1985).

Estimates of transmissivity from aquifer tests and
model simulations range from 360 to 1,430 ft%/d (table 3).
Storage coefficients were estimated to be from
1.5X107°t0 8.5x10™* (table 3). The hydraulic character-
istics of the Wenonah-Mount Laurel aquifer are similar
to those of the Englishtown aquifer.

NAVESINK-HORNERSTOWN CONFINING UNIT

The Navesink-Hornerstown confining unit, designated
C5 in the model, overlies the Wenonah-Mount Laurel
aquifer (A5) everywhere except in the aquifer’s outerop
area. Model unit C5 represents the lower part of the
composite confining unit described by Zapecza (1984,
p. 24-25). The unit includes the Navesink Formation,
Red Bank Sand, Tinton Sand, and the Hornerstown
Sand. These minor aquifers are relatively thin and
limited in their areal extent.

Thickness of the Navesink-Hornerstown confining unit
is shown in figure 12. Throughout most of the New
Jersey Coastal Plain, the confining unit is less than 80
feet thick. However, in central Monmouth County, the
unit is 100 to 180 feet thick because of the presence of the
Red Bank and Tinton Sands.

Estimates of vertical hydraulic conductivity for sedi-
ments within the Navesink-Hornerstown confining unit
range from 5.0x10°* to 9 ft/d (table 4). Many of the
estimates are several orders of magnitude higher than
for sediments in other confining units. Generally, these
relatively high vertical hydraulic conductivities are for
minor sand layers within the confining unit and are not
representative of the confining unit’s overall vertical
hydraulic conduetivity.

VINCENTOWN AQUIFER

The Vincentown Formation overlies the Navesink-
Hornerstown confining unit. However, throughout most
of its extent the formation is a confining unit (Zapecza,
1984, p. 25). The Vincentown Formation is an aquifer in
its outcrop area and for about 8 to 10 miles downdip. The
aquifer part of the Vincentown Formation is designated
A6 in the model and appears in Salem, Gloucester,
Camden, Burlington, Ocean, and Monmouth Counties
(fig. 13). The aquifer is not present in New York. In
Delaware, the Vincentown aquifer consists of permeable
sands in the Rancocas Group (D.A. Vroblesky, written
commun., 1985).
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The altitude of the top of the aquifer is shown in figure
13 and is the same as that shown by Zapecza (1984, pl.
19). The altitude of the top of the aquifer ranges from
altitudes of more than 100 feet above sea level in the
outcrop to more than 200 feet below sea level downdip in
Salem County. The thickness of the Vincentown aquifer
is shown by Zapecza (1984, pl. 19). Generally, the aquifer
is less than 100 feet thick. However, thicknesses of 140
feet occur in central Monmouth County.

Only one estimate of transmissivity is available for the
Vincentown aquifer. A laboratory analysis of sediments
from Burlington County resulted in an estimated trans-
missivity of 530 ft%d (table 3).

VINCENTOWN-MANASQUAN CONFINING UNIT

The Vincentown aquifer is overlain everywhere,
except in the outcrop area, by the Manasquan Forma-
tion. The Manasquan-Vincentown confining unit, desig-
nated C6 in the model, includes the downdip silt and clay
portions of the Vincentown Formation, the Manasquan
Formation, and, locally, the overlying Shark River For-
mation. These sediments are part of the composite
confining unit described by Zapecza (1984, p. 24-25).

The thickness of the Vincentown-Manasquan confining
unit, shown in figure 14, ranges from about 50 feet at the
outerop area to about 1,000 feet in southern Cape May
County. This unit has the same downdip extent as the
Navesink-Hornerstown confining unit (C5). Therefore,
in areas southeast of the downdip extent of the underly-
ing Vincentown aquifer (A6), the Vincentown-
Manasquan confining unit (C6) directly overlies the
Navesink-Hornerstown confining unit (C5). This relation
is shown in figure 2 and table 2. No estimates of vertical
hydraulic conductivity are available for the Vincentown-
Manasquan confining unit.

PINEY POINT AQUIFER

The Piney Point aquifer described by Zapecza (1984,
p. 26-29) is designated as model unit A7. The altitude of
the top of the Piney Point aquifer is shown in figure 15.
The aquifer does not crop out because it is overlain
entirely by the basal clay of the Kirkwood Formation.
The updip limit of the Piney Point aquifer is generally at
the downdip limit of the Vincentown aquifer (A6) (figs. 2,
13, and 15). The Piney Point aquifer probably thins and
is not present several miles downdip of the Atlantic
Coast. The altitude of the top of the aquifer is the same
as that shown by Zapecza (1984, pl. 20), with altitudes
beneath the ocean estimated from onshore contour
trends and available offshore data. The altitude of the top
of the aquifer ranges from about 50 feet below sea level
in southeastern Salem and Gloucester Counties to about
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1,300 feet below sea level beneath the Atlantic Ocean
southeast of Atlantic County.

The thickness of the Piney Point aquifer is shown by
Zapecza (1984, pl. 21). The aquifer is thickest in western
Cumberland County where it is over 200 feet thick. The
aquifer thins to the northeast where it is less than 40 feet
thick in Atlantic County but thickens again to over 120
feet in Burlington and Ocean Counties. The Piney Point
aquifer is not present in New York but is continuous into
Delaware (D.A. Vroblesky, written commun., 1985).
The only estimate of transmissivity of the Piney Point
aquifer in New Jersey based on aquifer-test data is 1,400
ft?/d. Estimates of transmissivity and storage coefficient
for the aquifer in Delaware are shown in table 3.

BASAL KIRKWOOD CONFINING UNIT

The basal Kirkwood confining unit, designated C7 in
the model, represents the basal clay of the Kirkwood
Formation and, locally, silty parts of the Piney Point
Formation. These sediments are the uppermost part of
the composite confining unit described by Zapecza (1984,
p. 24-25). The confining unit completely overlies the
Piney Point aquifer (A7) and extends several miles
northwest of the aquifer’s updip limit. Northwest of the
Piney Point aquifer the basal Kirkwood confining unit
overlies the Vincentown-Manasquan confining unit (C6).

Thickness of the basal Kirkwood confining unit is
shown in figure 16. Generally, the unit thickens downdip.
The unit is over 140 feet thick in southern Cape May
County, but its greatest thickness exceeds 160 feet in
eastern Ocean County and just offshore.

Only one estimate of vertical hydraulic conductivity is
available for sediments of the basal Kirkwood confining
unit. A laboratory analysis of the Alloway Clay Member
of the Kirkwood Formation, part of the confining unit,
indicated a vertical hydraulic conductivity ranging from
2.0x107° to 5.2x107° ft/d (table 4).

LOWER KIRKWOOD-COHANSEY AQUIFER AND CONFINED
KIRKWOOD AQUIFER

The lower Kirkwood-Cohansey aquifer and the con-
fined Kirkwood aquifer are designated as A8 in the
model. In downdip areas, the modeled aquifer represents
the Atlantic City 800-foot sand and the overlying, rela-
tively minor, Rio Grande water-bearing zone. In this
report, the Atlantic City 800-foot sand and the Rio
Grande water-bearing zone are together referred to as
the confined Kirkwood aquifer. In updip areas, the
modeled aquifer represents the lower part of the uncon-
fined Kirkwood-Cohansey aquifer system. The Atlantic
City 800-foot sand and the Kirkwood-Cohansey aquifer
system are described and mapped by Zapecza (1984, p.
29-34, pls. 22, 23, and 24), but Zapecza does not subdi-
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vide the Kirkwood-Cohansey aquifer system into an
upper and lower part. He also describes, but does not
map, the Rio Grande water-bearing zone (Zapecza, 1984,
p. 31-32). The relation between the hydrogeologic units
and the modeled aquifer are shown in figure 2 and
table 2.

The Kirkwood-Cohansey aquifer system was subdi-
vided in this study into an upper and lower aquifer in
updip areas to better represent the vertical head distri-
bution in the unconfined aquifer system and to provide a
lateral connection between the confined Kirkwood aqui-
fer and the lower Kirkwood-Cohansey aquifer, Zapecza
(1984, p. 29) states that the Atlantic City 800-foot sand
has not been mapped beyond its overlying confining unit,
and its connection with the unconfined aquifer is not
known.

The altitude of the top of the modeled aquifer and the
approximate extent of the confined Kirkwood aquifer are
shown in figure 17. The updip limit of the confined
Kirkwood aquifer extends through southeastern Cum-
berland, central Atlantic, southeastern Burlington, and
southern Ocean Counties and is the same as the limit of
the overlying confining unit. This line divides the mod-
eled aquifer into the lower part of the unconfined aquifer
in updip areas to the northwest and a confined aquifer in
downdip areas to the southeast. Southeast of this line the
altitude of the top of the modeled aquifer is the top of the
Rio Grande water-bearing zone. In this area, the altitude
of the top is 50 to 250 feet above the top of the Atlantic
City 800-foot sand shown by Zapecza (1984, pl. 22).
Northeast of this line the top of the modeled aquifer
continues to rise until it reaches the water table. The
altitude of the top of the modeled aquifer (fig. 17) ranges
from the water table in its outcrop area, several miles
southeast of the Fall Line, to 500 feet below sea level in
southern Cape May County and is estimated to be more
than 1,100 feet below sea level at the southeast model
boundary.

The thickness of the modeled aquifer ranges from
about 50 feet in its outerop area to about 200 feet in Cape
May County. The lower Kirkwood-Cohansey aquifer is
the updip part of the aquifer and is approximately the
lower third of the Kirkwood-Cohansey aquifer system
described by Zapecza (1984, p. 32-34). The thickness of
the confined Kirkwood aquifer, which is the downdip
part of the modeled aquifer, is the combined thickness of
the Atlantic City 800-foot sand, the Rio Grande water-
bearing zone, and the intervening confining unit.

The confined Kirkwood aquifer extends to the south-
east model boundary. However, the aquifer probably
contains freshwater for at least 25 miles offshore beyond
the model boundary. The unit thins toward the northeast
and is not present in Long Island, N.Y. (Henry Trapp,
written commun., 1985). To the southwest, the confining
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units within the modeled aquifer become thicker, and the
aquifer includes the Frederica and Cheswold aquifers in
Delaware (D.A. Vroblesky, written commun., 1985).

Estimates of transmissivity of the modeled aquifer
from Atlantic, Cape May, and Ocean Counties range
from 1,500 to 12,500 ft%d (table 3). Storage coefficient
estimates range from 8.5x107° to 6.0x10~*. Transmis-
sivity estimates for the lower Kirkwood-Cohansey aqui-
fer and confined Kirkwood aquifer (A8) are lower than
transmissivity estimates for the three Potomac-Raritan-
Magothy aquifers (Al, A2, and A3) but are slightly
higher than estimates for the other underlying aquifers
(A4-AT).

CONFINING UNIT OVERLYING THE RIO GRANDE
WATER-BEARING ZONE

Model unit C8 represents the confining unit overlying
the Rio Grande water-bearing zone and is designated as
C8 in the model. This confining unit is the upper part of
the confining unit overlying the Atlantic City 800-foot
sand described by Zapecza (1984, p. 31). The confining
unit completely overlies the confined Kirkwood aquifer,
does not crop out, and is present mainly in southern
Ocean, southeastern Atlantic, and Cape May Counties
(fig. 18).

The thickness of the confining unit is shown in figure
18. The unit thickens downdip, ranging from 50 feet near
its updip limit to 200 feet in southern Cape May County.
The unit is 100 to 200 feet thinner than the confining unit
mapped by Zapecza (1984, pl. 22) because he includes the
thickness of the Rio Grande water-bearing zone and the
confining unit underlying this zone. No estimates of
vertical hydraulic conductivity are available.

UPPER KIRKWOOD-COHANSEY AQUIFER

The sediments in the upper part of the uneonfined
Kirkwood-Cohansey aquifer system are designated as
model unit A9 and are referred to in the model as the
upper Kirkwood-Cohansey aquifer. This modeled aquifer
directly overlies the lower Kirkwood-Cohansey aquifer
(updip part of A8) in areas northwest of the updip limit of
the confined Kirkwood aquifer. Southeast of the limit,
the upper Kirkwood-Cohansey aquifer represents uncon-
fined and confined sediments of the Kirkwood Formation
above the confining unit overlying the Rio Grande water-
bearing zone (C8). Throughout most of its onshore
extent, the modeled aquifer is unconfined; however, in
the peninsular part of Cape May County and offshore the
aquifer is confined by the overlying estuarine clay facies
of the Cape May Formation (Gill, 1962a, fig. 2).

The altitude of the top of the confined part of the upper
Kirkwood-Cohansey aquifer is shown in figure 19.
Although the top of the sediments is the altitude of land
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surface, the altitude of the top of the saturated sediments
(water table) is estimated to be at or near land surface
near streams and surface-water bodies and up to several
tens of feet below land surface near local ground-water
divides. The altitude of the top of the confined part of the
upper Kirkwood-Cohansey aquifer in Cape May County
is similar to that shown by Gill (1962a, fig. 6) for the top
of the estuarine sand facies. The altitude of the top of the
aquifer in offshore areas is the ocean and bay bottoms.

The thickness of the unconfined Kirkwood-Cohansey
aquifer system, which includes the unconfined parts of
the lower Kirkwood-Cohansey aquifer (updip part of A8)
and the upper Kirkwood-Cohansey aquifer (A9), is
described and shown by Zapecza (1984, pl. 24 and p.
32-34). The confired part of the upper Kirkwood-
Cohansey aquifer is from 150 to 250 feet thick in Cape
May County. Estimates of transmissivity for the upper
Kirkwood-Cohansey aquifer from aquifer-test analyses
range from 3,600 to 20,000 ft*/d (table 3). The higher
estimates are generally for the thicker parts of the
unconfined part of the aquifer. Estimates of storage
coefficient from these tests range from 1.2x107* to
4.4x107%,

ESTUARINE CLAY CONFINING UNIT

The estuarine clay confining unit, designated C9 in the
model, represents the estuarine clay facies described by
Gill (1962a, p. 25-26). Onshore, this confining unit is
present only in the peninsular part of Cape May County
where the upper Kirkwood-Cohansey aquifer (A9) is
confined. Offshore, the estuarine clay confining unit
extends beneath Delaware Bay and the Atlantic Ocean.

The thickness of the estuarine clay confining unit is
shown in figure 20. The unit has a fairly uniform thick-
ness of about 50 feet, although locally in southern Cape
May County the unit is over 100 feet thick. However,
contours in offshore areas are highly approximate. There
are no estimates of vertical hydraulic conductivity for
this confining unit.

HOLLY BEACH AQUIFER

The Holly Beach aquifer, designated A10 in the model,
represents part of the unconfined Holly Beach water-
bearing zone described by Gill (1962a, p. 41). The mod-
eled aquifer is the Holly Beach water-bearing zone only
on the peninsular part of Cape May County where it is
underlain by the estuarine clay facies of the Cape May
Formation mapped by Gill (1962a, fig. 8). In the northern
part of the county where the clay facies is absent,
sediments of the Holly Beach water-bearing zone are
combined with the upper Kirkwood-Cohansey aquifer
(A9). The lithology and stratigraphy of the sediments
comprising this aquifer are discussed in detail by Gill













































SIMULATION OF GROUND-WATER FLOW

potentiometric surfaces and long-term well hydrographs.
Interpreted 1978 potentiometric surface maps by Walker
(1983, fig. 9 and pls. 1-5) are available for the following
aquifers: the upper Potomac-Raritan-Magothy aquifer
system (A3), the Englishtown aquifer (A4), the
Wenonah-Mount Laurel aquifer (A5), the confined Kirk-
wood aquifer (A8), and the confined part of the upper
Kirkwood-Cohansey aquifer (A9). Walker (1983) refers
to the lower and middle Potomac-Raritan-Magothy aqui-
fers of this study as the lower aquifer of the Potomac-
Raritan-Magothy aquifer system. Data for the 1978
potentiometric surface for the undifferentiated lower and
middle aquifers (Walker, 1983, pl. 1) were reanalyzed to
make separate maps for each aquifer. Potentiometric
surface maps for 1978 are not available for the Vincen-
town aquifer (A6), Piney Point aquifer (A7), the uncon-
fined lower and upper Kirkwood-Cohansey aquifers (A8
and A9), and the Holly Beach aquifer (A10). Simulated
potentiometric surfaces for these aquifers are compared
to measured water levels.

Data for the interpreted 1978 potentiometric surfaces
were collected over a period of several months but
primarily in October or November of 1978. However,
pumping period 8 ends closest to this date on January 1,
1978, Although the dates of the simulated and inter-
preted transient water-level surfaces differ in time by at
least 10 months, their comparison is adequate for simu-
lating the regional flow system. In areas with observa-
tion wells, water-level declines from 1973 to 1978 aver-
aged 1 to 4 ft/yr (Walker, 1983). At this rate water-level
declines from January 1, 1978, to October or November
1978 would be much less than the calibration criteria of
15 feet (described below). The simulated January 1, 1978,
and interpreted October/November 1978 potentiometric
surfaces are referred to as the simulated and interpreted
1978 potentiometric surfaces, respectively, in this
report.

Well hydrographs also were used for calibration. Sim-
ulated water levels at the end of each pumping period
were compared to the measured water levels closest to
the end of the pumping period. Comparison of well
hydrographs to simulated water levels provided more
accuracy than using only potentiometric surface maps.
The use of well hydrographs also minimized the error in
comparing the simulated and interpreted 1978 surfaces
with dates that differed by 10 months. Simulated hydro-
graphs are compared to measured water levels pre-
sented by Zapecza, Voronin, and Martin (1987, pls. 1-10)
for the period 1924 to 1984 for each aquifer. However,
most wells do not have water-level data for the entire
period. Hydrographs for wells in the undifferentiated
Potomac-Raritan-Magothy aquifer system are assigned
to the lower or middle aquifer based on the altitude of the
well screen intervals and the altitude of the lower (fig. 3)
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or middle (fig. 5) aquifer. Likewise, hydrographs for the

undifferentiated Kirkwood-Cohansey aquifer system are

assigned to the lower Kirkwood-Cohansey aquifer and
confined Kirkwood aquifer (A8) and the upper Kirkwood-

Cohansey aquifer (A9) based on the screen intervals and

the altitudes of the tops of the aquifers shown in figures

17 and 19.

A total of 89 well hydrographs were selected for model
calibration from the hundreds of wells in the New Jersey
Coastal Plain measured by the U.S. Geological Survey.
These well hydrographs were selected on the basis of
their location and period of record. Most wells are in the
updip parts of the aquifers, although records for some
deeper wells in downdip areas are available. Most wells
have periods of recorded water-level measurements of at
least 15 years, and several wells have records of more
than 50 years. Seven to 13 well hydrographs were used
for each aquifer. Only the Vincentown aquifer (A6), with
one well, has an insufficient number of wells with
recorded water levels for calibration.

Simulated water levels were used to generate simu-
lated hydrographs for observation-well sites at points
other than the nodes for comparison with well hydro-
graphs. A linear interpolation based on the location and
simulated water levels at the three nodes nearest to the
observation well was used to calculate the simulated
hydrograph of that well. The simulated water levels at
the three nodes define a plane, which is assumed to
approximate water levels between these points. The
altitude of the plane at the site of the measured water
level is determined by the location of the observation-
well site with respect to the three nodes. The model code
was modified to calculate the simulated hydrographs
using this three-node method.

Determining the acceptability of the match between
simulated and interpreted potentiometric surfaces and
hydrographs is subjective. The attempt was made to
match interpreted 1978 potentiometric surfaces as
closely as possible and hydrographs to within 10 feet.
Calibration was considered acceptable when the follow-
ing criteria were satisfied:

1. The interpreted 1978 potentiometric surfaces (includ-
ing the depths of the cones of depression) were
reproduced to within 15 feet, and the locations and
configurations of the simulated cones were reason-
able.

2. The interpreted prepumping steady-state potentio-
metric surfaces were reproduced to within 15 feet.

3. Simulated hydrographs matched the measured hydro-
graphs to within 15 feet at the end of each pumping
period.

4. Simulated water levels in areas with little or no
measured data were compatible to water levels in
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areas with data and were compatible with flow
directions postulated in the conceptual model.

5. Hydraulic characteristics representing the flow sys-
tem (including aquifer transmissivity, confining-
unit vertical hydraulic conductivity, flow rates
between the aquifers, and flow between the uncon-
fined aquifer and the streams) were compatible to
measured aquifer and confining-unit characteristics
and to flow rates postulated in the conceptual
model.

The model is more rigorously calibrated in some areas
than others. The degree of calibration depends on the
distribution of measured data, the character of the
hydrogeologic framework and potentiometric surfaces in
relation to the cell size, the sensitivity of simulated water
levels to data changes, and the ease with which calibra-
tion was achieved. Generally, the Vincentown aquifer
(A6) and offshore areas of the aquifer system were
calibrated only according to the fourth and fifth calibra-
tion criteria and are not considered to be well calibrated.
Also, calibration within the outcrop areas of the confined
aquifers is severely limited by the cell size. The area of
the outcrops in any cell is generally much less than the
cell size. The model outerop areas provide a means for
simulated regional recharge to the confined aquifers, but
local unconfined water levels or flow rates are not
simulated accurately in these areas.

SIMULATION OF PREPUMPING STEADY-STATE
CONDITIONS

Generally, the match between simulated and inter-
preted prepumping potentiometric surfaces is considered
acceptable, although in some areas of some aquifers
there is not a good match. Figures 30 to 39 show the
simulated surfaces and, when available, the interpreted
prepumping potentiometric surfaces. The interpreted
surfaces show contours based on measured data. Discus-
sion of the comparison of the simulated and interpreted
surfaces follows.

The simulated prepumping potentiometric surfaces for
the lower and middle Potomac-Raritan-Magothy aquifers
(Al and A2) are shown in figures 30 and 31. The
interpreted and simulated prepumping surfaces for the
upper aquifer (A3) are shown in figure 32. The high
ground-water altitudes near the outerop in Middlesex
County and the low altitudes near the outcrop area along
the Delaware River, near Raritan Bay, and along the
Atlantic Coast in Ocean and Monmouth Counties are
simulated in all three aquifers. However, the lateral
gradient from the outcrop area in Mercer and Middlesex
Counties to the discharge area beneath the Atlantic
Ocean in the upper aquifer is not closely simulated, and
simulated water levels along the Atlantic Coast may be
10 to 15 feet higher than actual water levels.
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The simulated and interpreted prepumping potentio-
metric surfaces for the Englishtown aquifer (A4) are
shown in figure 33. The high ground-water altitudes near
the outcrop in northwestern Monmouth County, the
enclosed ground-water low in the outcrop in western
Burlington County, and the low ground-water altitudes
beneath Raritan Bay, the Atlantic Coast, and the out-
crop area in Gloucester and Camden Counties are all
simulated. Two small enclosed ground-water highs near
the outcrop in Burlington and Gloucester Counties and
the lateral gradient between the outcrop in Monmouth
County and the Atlantic Coast were not simulated. Also,
the simulated surface shows a ground-water high in
Camden County that is lower, smaller, and further north
in the interpreted potentiometric surface. The small
enclosed highs near the outcrop may be too small in
comparison to the cell size to be accurately simulated.
Nevertheless, the general ground-water altitudes are
approximately simulated in these areas. The larger sim-
ulated ground-water high in Camden County differs from
the interpreted potentiometric surface because the inter-
preted surface probably does not represent true pre-
pumping conditions and reflects water levels lowered by
small amounts of unrecorded local pumpage. As in the
Potomac-Raritan-Magothy aquifers, ground-water gra-
dients in Monmouth County are not closely simulated,
and simulated water levels along the coast may be 15 feet
higher than actual prepumping water levels in the
Englishtown aquifer.

The closely matched simulated and interpreted poten-
tiometric surfaces for the Wenonah-Mount Laurel aqui-
fer (A5) are shown in figure 34. Only minor differences
are seen. The local ground-water highs or lows based on
a single data point may be incorrect on the interpreted
potentiometric surface map or may not be large enough
in relation to the cell size to be simulated. Generally, the
simulated prepumping flow patterns in the Wenonah-
Mount Laurel aquifer are similar to those in the English-
town aquifer (A4) (fig. 33). Ground-water altitudes are
high near the outcrop in Monmouth and Camden Coun-
ties and low near the outcrop in Burlington and Salem
Counties and in most of the southeastern Coastal Plain
and along the Atlantic Coast.

The simulated and interpreted prepumping potentio-
metric surfaces for the Vincentown aquifer (A6) are
shown in figure 35. Generally, the simulated potentio-
metric surface for the Vincentown aquifer (A6) is similar
to the potentiometric surface for the underlying areas of
Wenonah-Mount Laurel aquifer (A5) (fig. 34), as water-
level differences between these aquifers are less than 5
feet, except at the Atlantic Coast in Monmouth County.
The simulated water levels for the Vincentown aquifer
approximate the measured water levels only generally.
Most of the localized areas of high or low ground-water
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TaBLE 8.—Range of transmissivity and confining-unit vertical
leakance used in the calibrated model

Transmissivity

nit Aquifer (fe;z rsgt;;r)'ed
Al Lower Potomac-Raritan-Magothy 860-10,400
A2 Middle Potomac-Raritan-Magothy 600-23,000
A3 Upper Potomac-Raritan-Magothy 300-12,100
A4  Englishtown 70~ 4,400
A5 Wenonah-Mount Laurel 60- 1,400
A6 Vincentown 860- 3,500
A7 Piney Point 170- 5,200
A8 Lower Kirkwood-Cohansey 860-10,000
and confined Kirkwood. 860-13,000
A9 Upper Kirkwood-Cohansey 270-11,700
A10 Holly Beach 5,200- 7,800

Vertical
e Confining unit iors ';Z?"iay

per foot)
2x107°-4x107*

Cl1  Between the lower and middle
Potomac-Raritan-Magothy aquifers.

C2  Between the middle and upper
Potomac-Raritan-Magothy aquifers.

C3  Merchantville-Woodbury

C4  Marshalltown-Wenonah

C5 Navesink-Hornerstown

C6  Vincentown-Manasquan

C7 Basal Kirkwood

C8  Overlying the Rio Grande water-
bearing zone.

C9 Estuarine clay

3x1078-5x1072

2x1078-3x107?
1x107"-6x107!
2x1078-5x107!
5x107°-5x107?
7x10784x1072
3x1078-1x1078

2x1077-5x1071

(1979), and regional differences are probably the result of
differences in definition of the middle aquifer and differ-
ent boundary conditions.

Transmissivity of the upper Potomac-Raritan-
Magothy aquifer (A3) is shown in figure 57 and ranges
from 300 to 12,100 ft%/d (table 8). The lowest transmis-
sivity is beneath the Delaware River in northern Salem
County. Relatively low transmissivity, less than 3,000
ft?/d, is in areas near the outcrop where the aquifer thins
and in downdip areas in Cumberland, Atlantic, Cape
May, southern Burlington, and southern Ocean Coun-
ties. The highest transmissivity is offshore of Monmouth
County. Relatively high transmissivity, greater than
10,000 ft%d, is along the shore of Monmouth County, in
northern Camden, northern Gloucester, and eastern
Monmouth Counties. Unlike the lower and middle
Potomac-Raritan-Magothy aquifers (Al and A2), lateral
changes in transmissivity of the upper aquifer are partly
related to changes in aquifer thickness. The thickest part
of the aquifer, near the shore of Monmouth County, also
has the highest transmissivity.

Transmissivity of the Englishtown aquifer (A4) is
shown in figure 58 and ranges from 70 to 4,400 ft?d (table
8). The highest transmissivity is in Monmouth County,
where the aquifer is thickest. The lowest transmissivity
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is in updip and downdip areas where the aquifer thins
near its limit. In general, lateral changes in transmissiv-
ity reflect changes in aquifer thickness. Transmissivity
shown in figure 58 for Ocean and Burlington Counties is
generally similar to that used by Nichols (1977a, p. 26) to
simulate flow in the Englishtown aquifer. However, in
northeastern Monmouth County, transmissivity is about
two times higher than that used by Nichols (1977a,
p- 26).

Transmissivity of the Wenonah-Mount Laurel aquifer
(A5), shown in figure 59, ranges from 60 to 1,400 ft%d
(table 8) and is generally lower than all the other Coastal
Plain aquifers. There is little lateral variability, and
1,000 ft¥/d is a representative average for the aquifer.
Calibrated transmissivity estimates fall approximately
within the range of transmissivity estimated by Nemic-
kas (1976, p. 39). Lateral changes in transmissivity
generally result from changes in aquifer thickness, and
the highest transmissivity is in Salem, central Camden,
and central Burlington Counties, where the aquifer is
thickest.

Transmissivity of the Vincentown aquifer (A6) is
shown in figure 60 and ranges from 860 to 3,500 ft%d
(table 8). Lateral changes in transmissivity result from
changes in aquifer thickness. Highest transmissivity
values are very localized in Salem and Monmouth Coun-
ties. Lowest transmissivity is in Gloucester and northern
Salem Counties. Final transmissivity estimates used in
the model are the same as the initial estimates based on
an average hydraulic conductivity (table 5).

Transmissivity of the Piney Point aquifer (A7) is
shown in figure 61 and ranges from 170 to 5,200 ft%d
(table 8). The areas of transmissivity greater than 2,000
ft%/d are mostly in Burlington, Ocean, Cumberland, and
Cape May Counties where the aquifer is thickest. Trans-
missivity is relatively low, less than 1,000 ft%d, in
Atlantic, southern Camden, and southern Gloucester
Counties.

Transmissivity of the confined Kirkwood aquifer (the
downdip part of A8) is shown in figure 62 and ranges
from about 860 to 13,000 ft%/d (table 8). General-
ly, transmissivity is about 5,000 to 6,000 ft?d with
local areas of higher transmissivity. Areas of highest
transmissivity, greater than 10,000 ft%d, are along the
coast southwest of Atlantic City. Low transmissivities,
less than 4,000 ft?d, are along the updip limit of the
confined Kirkwood aquifer. Although there are no data
to suggest either low hydraulic conductivity or that the
unit is relatively thin in this area, low transmissivity was
needed to simulate the cone of depression at Atlantic
City. Water levels along the coast were simulated by
decreasing the amount of flow from the updip unconfined
part of model unit A8 by decreasing transmissivity.
Decreasing flow through the overlying confining unit C8
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by decreasing vertical leakance did not improve the
calibration. The lower parts of the unconfined Kirkwood-
Cohansey aquifer and the confined Kirkwood aquifer are
assumed to be part of the same model unit (A8) and have
a direct lateral hydraulic connection. However, more
geohydrologic and geophysical data are needed to refine
the aquifer characteristics in this area.

Transmissivity of the lower Kirkwood-Cohansey aqui-
fer, the updip part of model unit A8, is shown in figure 62
and ranges from 860 to 10,000 ft%d (table 8). Transmis-
sivity is lowest (less than 4,000 ft%/d) where the aquifer
thins near its outcrop area. Downdip, transmissivity is
generally greater than 7,000 ft?/d. The highest transmis-
sivity (greater than 10,000 ft%d) is in central Burlington
and central Ocean Counties.

Transmissivity of the upper Kirkwood-Cohansey aqui-
fer (A9) is shown in figure 63 and ranges from 270 to
11,700 ft?/d (table 8). Transmissivity is lowest (less than
6,000 ft%d) in updip areas where the aquifer thins.
Highest transmissivity (greater than 10,000 ftd) is
along the coast in Cape May, Atlantic, and southern
Ocean Counties. The confined part of the upper
Kirkwood-Cohansey aquifer in southern Cape May
County has transmissivity ranging from 8,000 to 11,700
ft?/d. Transmissivity for the unconfined Kirkwood-
Cohansey aquifer system, represented by the combined
lower and upper Kirkwood-Cohansey aquifers (A8 and
A9) in the model, is highest (about 14,000 to 18,000 ft%/d)
where the aquifer system is thickest in central Cumber-
land, northern Atlantic, central Burlington, and central
Ocean Counties.

Transmissivity of the Holly Beach aquifer (A10) is
shown in figure 64 and ranges from 5,200 ft*d to 7,800
ft?/d (table 8). Final estimates of transmissivity are the
same as the initial estimates based on hydraulic conduc-
tivities determined from specific-capacity tests (table 5).

VERTICAL LEAKANCE OF CONFINING UNITS

Vertical leakance used in the calibrated model for each
of the confining units is shown in figures 65 to 73 and
summarized in table 8. Leakance, when multiplied by
confining-unit thicknesses, gives the vertical hydraulic
conductivity of the unit. The vertical hydraulic conduc-
tivity of the confining units is of the same order of
magnitude reported by Luzier (1980, p. 29), Nemickas
(1976, p. 37), Nichols (1977a, p. 76), and Farlekas (1979,
p. 36); however, the lateral distribution is somewhat
different from that reported by those investigators.

Lateral variability of vertical leakance reflects vari-
ability in vertical hydraulic conductivity and confining-
unit thickness. Highest leakance is in updip areas, at and
near the outcrops, where confining units are thinnest. In
other areas, however, lateral changes in vertical hydrau-
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lic conductivity, which varies several orders of magni-
tude within a confining unit, tend to minimize the effects
on leakance by changes in thickness, which varies about
one order of magnitude.

Generally, leakance varies laterally in the updip areas
of the confining units. Lateral changes in leakance in
updip areas are local, whereas lateral changes in downdip
areas are over large areas. Although the leakance values
shown in figures 65 to 73 represent the regional trans-
mitting properties of the confining units, the simulated
lateral variability of leakance within the units is affected
by the distribution of measured water levels used in
calibration and by model sensitivity to leakance. Meas-
ured water levels are more abundant in shallow updip
areas, and calibration on a more local scale is possible. In
downdip areas, measured water levels are fewer and
only a more regional calibration is possible. Also, simu-
lated water levels in downdip areas are much less
sensitive to local changes in leakance. Therefore, leak-
ance distributions with high variability in downdip areas
were not considered during the calibration process.
Although the regional vertical leakance of the confining
units has been adequately simulated, the leakance values
may not be locally representative in downdip areas.

The Merchantville-Woodbury confining unit (C3) and
the Vincentown-Manasquan confining unit (C6) have
relatively low leakance values, less than 1x10~ feet per
day per foot ((ft/d)/ft), nearshore and offshore of south-
ern Monmouth and northern Ocean Counties (figs. 67
and 70). Downdip areas of most of the confining units
have leakances of about 1x107% to 1x107% (ft/d)/ft.
The Merchantville-Woodbury, Marshalltown-Wenonah,
Navesink-Hornerstown, and Vincentown-Manasquan
confining units (C3, C4, C5, and C6) have leakances
in downdip areas to the northeast that are at least an
order of magnitude lower than leakances in downdip
areas to the southwest (figs. 67-70). However, the basal
Kirkwood confining unit (C7) has leakances in downdip
areas to the northeast that are at least an order of
magnitude higher than leakances in downdip areas to the
southwest (fig. 71). The confining unit between the lower
and middle Potomac-Raritan-Magothy aquifers (C1) and
the Marshalltown-Wenonah confining unit (C4) have
relatively high leakances in some downdip areas com-
pared to other confining units. The confining unit
between the lower and middle Potomac-Raritan-
Magothy aquifers (C1) has leakance between 1x10~ and
1x10~* (ft/d)/ft throughout most of its downdip extent
(fig. 65). The high leakance is consistent with the hydro-
geologic framework described by Zapecza (1984, p. 12).
He states that the lower and middle aquifers of the
Potomac-Raritan-Magothy aquifer system are largely
interbedded sands, silts, and clays in downdip areas and
cannot be distinguished from each other. High leakance























































































SIMULATION OF GROUND-WATER FLOW

levels from the sensitivity simulation are compared to
water levels from the calibration simulation. If a small
change in a specified hydraulic characteristic produces
large changes in water levels, the model is useful in
refining initial estimates of that characteristic. Con-
versely, if a large change in a specified hydraulic char-
acteristic produces very little water-level difference, the
flow model is not effective for estimating that character-
istic. Consequently, sensitivity simulations are also use-
ful for identifying types of data needed to improve the
simulation of flow within the aquifer system.

Evaluating model assumptions by sensitivity analysis
is limited in several ways. Sensitivity analyses can be
made only on a limited number of characteristics and
areas, and therefore only a small percentage of the
factors affecting flow in an area can be tested. Also, the
results of model calibration are not unique, and a differ-
ent combination of aquifer and confining-unit character-
istics could have resulted in model calibration. Sensi-
tivity analyses on different calibrated model data
may result in different conclusions. However, within
these limitations, the following sensitivity analyses pro-
vide a means for evaluating the simulation results and
assumptions.

TRANSMISSIVITY AND VERTICAL LEAKANCE OF THE
CONFINING UNITS

Sensitivity analyses of transmissivity and vertical
leakance of the confining units were made for the area
along the Delaware River and areas near the center of
the large cones of depression in the three Potomac-
Raritan-Magothy aquifers (Al, A2, and A3) and the
confined Kirkwood aquifer (A8). The areas near the
center of the large cones were chosen because they are
areas with high withdrawal rates and have a large
amount of information on water levels; therefore, these
areas of the model were better calibrated than other
areas. The area along the Delaware River was chosen
because it is an outcrop area near an area with high
withdrawal rates.

Four simulations were made with transmissivity and
leakance changes as listed in table 9 for the area of the
cone of depression centered in Camden County. The
model area and results of these sensitivity simulations
are also summarized in table 9 (simulations 1 to 4). These
simulations show that large changes in transmissivity
and large increases in the leakance of the overlying and
intervening confining units near the center of the cone of
depression in Camden County have a significant effect on
simulated water levels. These large effects on water
levels indicate that additional data on these hydraulic
characteristics in the areas of the cones of depression will
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increase the accuracy of the model results. Decreases in
vertical leakance of the Merchantville-Woodbury confin-
ing unit (C3) produced very little water-level change;
therefore, lower estimates of leakance based on addi-
tional data in this area would not improve the accuracy of
the model results.

Four sensitivity simulations were made by varying the
transmissivity and vertical leakance of the sediments
along the Delaware River. The data changes, model
area, and results of these sensitivity simulations are
given in table 9 (simulations 5 to 8). These simulations
show that the rate of flow induced from the Delaware
River is controlled more by vertical leakance of the
confining units than by the transmissivity of the aquifers
along the river. Although the simulated outerop areas
provide regional recharge to the ground-water flow
system, the large cell size prevents accurate simulation
of water levels in aquifer outerop areas. Results and
conclusions relating specifically to aquifer outcrop areas
must be used cautiously and are useful as guidelines for
more detailed studies in these areas.

Four sensitivity analyses were also made for the area
near the center of the large cone of depression in Atlantic
County, varying transmissivity and leakance. The data
changes, model area, and results of these sensitivity
simulations are given in table 9 (simulations 9 to 12).
These simulations show that, like the water levels in the
Potomac-Raritan-Magothy aquifers (A1, A2, and A3),
simulated water levels in the confined Kirkwood aquifer
(A8) are greatly affected by large changes in transmis-
sivity or in leakance of the overlying confining unit.
Therefore, the accuracy of the model results would be
improved by additional data on these hydraulic charac-
teristics in this area. Some change in transmissivity or
leakance could be made in the calibrated model to
produce more acceptable simulated water levels, but
these changes would have to be much smaller than the
range of values tested in these sensitivity analyses.

Two additional sensitivity simulations were made of
the transmissivity of the confined Kirkwood aquifer (A8)
(simulations 13 and 14, table 9). The water-level changes
in these sensitivity simulations are not large; however,
the simulations show that horizontal flow through only a
one- or two-cell width along the updip limit of the
confined Kirkwood aquifer significantly affects water
levels near Atlantic City. The hydraulic connection
between the unconfined lower Kirkwood-Cohansey aqui-
fer and the confined Kirkwood aquifer is not well defined
(Zapecza, 1984, p. 29). Therefore, additional data on the
hydraulic characteristics between the unconfined lower
Kirkwood-Cohansey aquifer and the confined Kirkwood
aquifer will improve model results near the center of the
cone.
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TABLE 9.— Results of sensitivity analyses on transmissivity and confining-unit leakance

Model unit: Al, lower Potomac-Raritan-Magothy aquifer AT, Piney Point aquifer
A2, middle Potomac-Raritan-Magothy aquifer A8, lower Kirkwood-Cohansey and confined Kirkwood aquifers
A3, upper Potomac-Raritan-Magothy aquifer A9, upper Kirkwood-Cohansey aquifer
A4, Englishtown aquifer A10, Holly Branch
A5, Wenonah-Mount Laurel aquifer Nodes: Location shown on figure 25

A6, Vincentown aquifer

Nodes i
Simulation Nl[;;:iitel m Ger:s;gle(iiszsl%;ﬁegfg:::ge Resulting water-level changes for January 1, 1978
1 Al, A2, 5-10 18-25 100 percent increase in transmissivity Cone of depression is about 15 ft shallower in Al
and A3 in the confined Potomac-Raritan- and A2 and 30 ft shallower in A3.
Magothy aquifers and in Camden,
Gloucester, and Burlington Counties.
2 Same as above, but a 50-percent Cone of depression is about 20 ft deeper in Al and
decrease. A2 and 30 ft deeper in A3. Less than 5-ft water-
level decline in downdip areas of Al and A2.
3 C3 5-10 1825 An order-of-magnitude increase in Cone of depression is about 15 ft shallower in Al
leakance of the Merchantville- and A2 and 30 ft shallower in A3. Ground-water
Woodbury confining unit in Camden, high above cone in A4 is about 20 ft lower, 40 ft
Gloucester, and Burlington Counties. lower locally. Similar ground-water highs in A5 and
A6 are about 10 ft lower.
4 Same as above, but an order-of- Cone of depression is about 5 ft deeper in Al and
magnitude decrease. A2 and 10 ft deeper in A3. Ground-water high in
A4 is about 15 ft higher. Less than 5-ft water-level
decline in downdip areas of Al, A2, and A3.
5 Al, A2, 24 18-25 100-percent increase in transmissivity Cone of depression is about 10 ft shallower in Al,
and A3 in the Potomac-Raritan-Magothy A2, and A3. Water levels near the Delaware River
aquifers near the Delaware River in  are about 10 ft higher in Al.
Camden and Burlington Counties.
6 Same as above except a 50-percent Cone of depression is about 10 ft deeper and heads
decrease. near the Delaware River are up to 20 ft lower in
Al, A2 and A3. Water levels in Salem County are
about 10 ft lower.
7 C1, C2, 24 18-25 An order-of-magnitude increase in Cone of depression is about 30 ft shallower in Al,
and C3 leakance in the confining units above A2, and A3. Water levels are 5 ft higher in down-

the Potomac-Raritan-Magothy aqui-
fers along their outerops 1n Camden,
Gloucester, and Burlington Counties.

8 Same as above, but an order-of-
magnitude decrease.

9 A8 16-27"  2-50' 100-percent increase in transmissiv-
ity in the confined Kirkwood aquifer
in Atlantie, Cape May, and Ocean

Counties.

10 Same as above, but a 50-percent
decrease.

11 Cs8 16-27"  2-50' An order-of-magnitude increase in

leakance in the confining unit over-
lying the Rio-Grande water-bearing
zone in Atlantic, Cape May, and
Ocean Counties.

12 Same as above, but an order-of-
magnitude decrease.

13 A8 16-19 11-362 100-percent increase in transmissivity
in A8 along the updip limit of the
confined Kirkwood aquifer.

14 Same as above, but a 67-percent
decrease.

dip areas of A1, A2, and A3.

Cone of depression is about 80 ft deeper in Al, 70
ft deeper in A2, and 40 ft deeper in A3. Water lev-
els near the Delaware River are up to 100 ft lower
in Al and 70 ft lower in A2 and A3. Water levels
declined 15-20 ft in downdip areas, 10 ft in western
Salem County, and about 5 ft or less near Raritan
Bay. Local 20-ft water-level declines in A4.

Cone of depression is about 30 ft shallower near
the center in A8. Water levels near the offshore
boundary are 5 ft higher in A8 and 10 ft higher in
AT

Cone of depression is about 50 ft deeper near the
center in A8. Water levels near the offshore bound-
ary are about 10 ft lower in A7,

Cone of depression is about 35 ft shallower near the
center in A8. Water levels near the offshore bound-
ary are 10 ft higher in A7 and AS8.

Cone of depression is about 20 ft deeper near the
center in A8. Water levels near the offshore bound-
ary are 20 ft lower in A8 and 10 ft lower in AT7.

Cone of depression is about 10 ft shallower near the
center in A8 and water levels near the offshore
boundary in A7 and A8 are 5 ft higher.

Cone of depression is about 15 ft deeper near the
center in A8 and water levels near the offshore
boundary in A7 and A8 are 5 ft lower.

! Only those areas where A8 is confined.
2 Only those areas near the updip limit of unit A8.
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AQUIFER STORAGE

Simulated water levels were tested for sensitivity to
changes in the storage coefficient of the confined aqui-
fers. Decreasing the storage coefficient two orders of
magnitude everywhere in all confined aquifers changed
the 1978 simulated water levels generally less than 5
feet. Increasing the storage coefficient two orders of
magnitude for all confined aquifers significantly changed
simulated water levels in the large cones of depression in
the Englishtown and Wenonah-Mount Laurel aquifers
(A4 and A5) in Ocean and Monmouth Counties. Simu-
lated water levels in 1978 were about 50 feet higher in
this area for each order of magnitude increase in the
storage coefficient. Simulated water levels increased
about 10 feet for every order of magnitude increase in
storage in other major cones of depression, including
cones in the three Potomac-Raritan-Magothy aquifers
(A1, A2, and A3) near Camden, in the confined Kirkwood
aquifer (A8) near Atlantic City, and in the middle aquifer
of Potomac-Raritan-Magothy aquifer system (A2) in
Middlesex County.

Most of the aquifer-test results shown in table 3 are
within an order of magnitude of the storage coefficient
used in the calibrated model. The sensitivity simulations
indicate that the storage coefficients used in the cali-
brated model are reasonable, because simulated water
levels are not sensitive to decreases in the storage
coefficient and increases of one and two orders of mag-
nitude give storage coefficients that are close to storage
coefficients of unconfined aquifers.

DOWNDIP BOUNDARIES

Simulated water levels were tested for sensitivity to
the position of the southeast downdip boundaries of
several aquifers. In the Potomac-Raritan-Magothy aqui-
fers (A1, A2, And A3), the downdip boundary is the
idealized interface between the freshwater and saltwater
flow systems at the estimated occurrence of 10,000 mg/L
chloride concentrations. Several simulations were made
with the interface moved to various distances further
offshore. The interface was not moved to a closer onshore
position because there is no evidence to indicate that
10,000 mg/L chloride concentrations exist further north-
west than initially estimated. Simulated water levels
were not sensitive to moving the interface boundary
seaward. In the sensitivity simulation with the boundary
moved as far offshore as possible in the model, the
interface was about 50 miles seaward from the boundary
used in the calibrated model for the middle and upper
Potomac-Raritan-Magothy aquifer system (A2 and A3)
and 75 to 100 miles seaward from the boundary in the
calibrated model in the lower Potomac-Raritan-Magothy
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aquifer (Al). In this simulation, simulated 1978 water
levels changed less than 5 feet in all aquifers.

Simulated water levels were also tested for sensitivity
to the estimated downdip extent of several aquifers that
thin or become silty. The downdip extent of the Piney
Point (A7) and the Wenonah-Mount Laurel (A5) aquifers
was extended about 50 miles farther downdip, and
simulated water levels changed less than 5 feet. Water
levels in the Englishtown aquifer (A4) are most sensitive
to the position of the aquifer’s downdip extent. Extend-
ing the aquifer’s downdip boundary 40 to 75 miles from
that used in the calibrated model changed simulated
water levels 30 to 50 feet near the center of the large
cone of depression in Monmouth and Ocean Counties.
Simulated water levels northwest of the cone changed
less than 5 feet, offshore water levels and water levels to
the south changed about 10 feet. Extending the aquifer’s
downdip extent 10 to 50 miles changed simulated water
levels 10 to 20 feet near the center of the cone of
depression. During calibration, water levels near the
center of the cone of depression were also sensitive to the
estimated limit of the upper sand unit of the Englishtown
aquifer system. Although model unit A4 represents both
the upper and lower sand units, the upper sand unit is
not present downdip and offshore of Ocean and southern
Monmouth Counties, and low transmissivity (less than
500 ft?/d) in this area represents only the lower aquifer
(fig. 58). In the calibrated model, the limit of the upper
aquifer and the low transmissivities are estimated to be
about 5 miles offshore. Moving the limit 3 to 8 miles
farther offshore changed simulated water levels in the
cone of depression several tens of feet.

These simulations suggest that the estimated position
of the freshwater-saltwater interface boundary does not
significantly affect simulated water levels and does not
seriously limit model results. The estimated downdip
extent of the Piney Point (A7) and Wenonah-Mount
Laurel (A5) aquifers also does not significantly affect
simulated water levels. However, water levels in the
Englishtown aquifer (A4) are sensitive to the estimated
downdip limit of the aquifer and the downdip limit of
upper sand unit offshore of Ocean and Monmouth Coun-
ties. Therefore, the accuracy of model results near the
cone of depression in Monmouth and Ocean Counties
depends on the accuracy of the location of the downdip
limit of the Englishtown aquifer.

BOUNDARY FLOWS

Simulated water levels were tested for sensitivity to
the amount of flow used to simulate lateral boundary
conditions for the aquifers along the southwest, south-
east, and northeast beundaries. Total boundary flows
used in the calibrated model for each pumping period are
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TaBLe 10.—Boundary flows for prepumping conditions and for
January 1, 1978, for each aquifer

A1, lower Potomac-Raritan-Magothy aquifer

A2, middle Potomac-Raritan-Magothy aquifer

A3, upper Potomac-Raritan-Magothy aquifer

A4, Englishtown aquifer

A5, Wenonah-Mount Laurel aquifer

A8, Vincentown aquifer

A7, Piney Point aquifer

A8, lower Kirkwood-Cohansey and confined Kirkwood aquifer

Model unit:

A9, upper Kirkwood-Cohansey aquifer
A10, Holly Beach
Boundary flows: Positive flows are into model area, negative flows are out of
model area.

Boundary flows (million gallons per day)

Model Prepumping January 1, 1978
unit South-  South-  North-  South-  South-  North-
western  eastern eastern  western  eastern eastern
boundary boundary boundary boundary boundary boundary
Al 0.850 — —-0.106  0.351 - 0.060
A2 .426 — —-1.431 1477 — 947
A3 .106 - -3.3719 -.040 — 1.613
A4 .048 - —.409 .013 — .276
A5 118 — —-.067 .035 — .039
A6 .153 — —.051 072 — .016
AT .035 — — —1.202 — —
A8 .093 —0.065 —.246 065 0.371 -—.134
A9 -.811 101 —.093 1.112 244 —.095
A10 - — - - - -
Total 1.018 .036 —5.782 1.883 .615 2.722

given in table 7. Boundary flows for each boundary in the
prepumping simulation and in pumping period 8
(1973-78) of the transient simulation are shown in table
10. Three sensitivity simulations were made with (1) no
boundary flows, (2) 2 times the boundary flows used in
the calibrated model, and (3) 10 times the boundary flows
used in the calibrated model. The results of the sensitiv-
ity simulations are shown in table 11.

Interpretation of these sensitivity simulations is lim-
ited by the relation of the boundary flows to the aquifer
and confining-unit hydraulic characteristics near the
boundaries. The amount of lateral flow at a boundary is
calculated from the transmissivity and hydraulic gradi-
ents. The hydraulic gradients, however, are dependent
on the confining-unit properties, which control vertical
leakage, and the transmissivity. Changing only the flow
at the boundaries, as was done in the sensitivity simula-
tions, makes the boundary flows incompatible with trans-
missivity and vertical leakance at the boundaries. That
is, lateral boundary flows that differ from those used in
the calibrated model are not probable without also
having different aquifer and confining-unit characteris-
tics near the boundaries. The simulations described in
this section do not show the sensitivity of simulated
water levels to conditions at the flow boundaries. How-
ever, the simulations show the general significance of
boundary flows to water levels within the New Jersey

REGIONAL AQUIFER SYSTEM ANALYSIS—NORTHERN ATLANTIC COASTAL PLAIN

Coastal Plain aquifers, assuming the transmissivity and
vertical-leakance values are those of the calibrated
model.

The results of the three sensitivity simulations indicate
that simulated water levels for most of the modeled
aquifers are not significantly affected by large changes in
boundary flows. Also, the amount of lateral flow at the
boundaries has a minimal effect on estimates of trans-
missivity and leakance derived from model calibration.
Large water-levels changes are generally near the
boundaries and are not significant 5 to 10 miles away
from the boundaries. Simulated water levels are most
sensitive to boundary flows along the southwest model
boundary between Delaware and New Jersey, in the
three Potomac-Raritan-Magothy aquifers (A1, A2, A3),
the Piney Point aquifer (A7), and the two Kirkwood-
Cohansey aquifers (A8 and A9). However, simulated
water levels are affected very little, generally less than
10 feet, for changes in flow up to 100 percent along the
northeast boundary.

As an estimate of actual flows at the boundaries, the
flows used in the model may be in error by as much as 100
percent locally. However, boundary flows are probably
not in error by this much everywhere along the bound-
aries. Boundary flows are relatively small compared to
withdrawals (less than 3 percent) and generally have
only a small (less than 10 feet) effect on simulated water
levels. Therefore, the lateral boundary flows used in the
calibrated model are reasonable regional estimates of the
flow.

CONFINING-UNIT STORAGE

Three sensitivity simulations were made to determine
the effects of confining-unit storage on simulated water
levels. No confining-unit storage had been used in the
calibrated model. Specific storages of 6x107°/ft,
6x1075%/ft, and 6x10”*ft for the confining units cause
extreme changes in 1978 simulated water levels. In the
simulation with a confining-unit specific storage of
6x 10~ */ft, water levels are 150 to 200 feet higher at the
large cone of depression in Monmouth and Ocean Coun-
ties in the Englishtown and Wenonah-Mount Laurel
aquifers (A4 and A5). Water levels for this simulation
were 20 to 80 feet higher near the large cone of depres-
sion in Camden County in the three Potomac-Raritan-
Magothy aquifers (Al, A2, and A3). In the simulation
with a confining-unit specific storage of 6x 10~ %/ft, water
levels in the Englishtown and Wenonah-Mount Laurel
aquifers are 75 to 130 feet higher in Monmouth and Ocean
Counties. Water levels in the Potomac-Raritan-Magothy
aquifers are 10 to 40 feet higher in Camden County.
Model calibration would not be possible using these
values of confining-unit specific storage, as model trans-
missivity and confining-unit leakance would have to be
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TaBLE 11.—Results of boundary-flow sensitivity analysis

Simulation 1: No boundary flows in any unit.

A5, Wenonah-Mount Laurel aquifer

Simulation 2: Two times the boundary flows used in calibration for each unit.
Simulation 3: Ten times the boundary flows used in calibration for each unit.

Model unit:

Al, lower Potomac-Raritan-Magothy aquifer
A2 middle Potomac-Raritan-Magothy aquifer
A3, upper Potomac-Raritan-Magothy aquifer
A4, Englishtown aquifer

A6, Vincentown aquifer
A7, Piney Point aquifer
A8, lower Kirkwood-Cohansey and confined Kirkwood aquifer
A9, upper Kirkwood-Cohansey aquifer
A10, Holly Beach

Resulting water-level changes for January 1, 1978

quel Simulation Southwest Southeast Northeast Other areas
unit number boundary boundary boundary
Al 1 10-25 ft lower, 5 ft lower to - —
200 ft lower locally. 15 ft higher.
2 5-10 ft higher 0-5 ft higher - -
3 20-90 ft higher, 5 ft lower to 5 ft lower Cone of depression in Camden County, 10 ft
180 ft higher locally. 90 ft higher. shallower.
A2 1 10-15 ft lower 0-15 ft higher - Cone of depression in Middlesex and Monmouth
Counties, 5 ft shallower.
2 5-15 ft higher 0-15 ft higher — Same area as above, 5 ft shallower.
3 20-140 ft higher 15 ft lower to  5-15 ft higher Same area as above, 5-10 ft shallower. Cone of
140 ft higher. depression in Camden County, 5 ft shallower.
A3 1 0-5 ft lower — 0-5 ft higher —
2 10 ft higher 5 ft lower to  0-15 ft higher —
10 ft higher.
3 35-75 ft higher 15 ft lower to  15-35 ft higher Cone of depression in Camden County, 5-10 ft
35 ft higher. shallower. Cone of depression in Monmouth County,
5-10 ft shallower.
A4 1 - — 0-10 ft higher —
2 — — 5-10 ft higher —
3 10 ft higher 10-35 ft higher 1045 ft higher —
A5 1 — 0-15 ft higher 10 ft higher -
2 5 ft higher 5-10 higher — —
3 10-35 ft higher 5-25 ft higher 2540 ft higher —
A6 1 — — — —
2 - - - —
3 10 ft higher — — —
AT 1 — — — —
2 — — _ _
3 10-70 ft lower 5-10 ft higher — —
A8 1 10 ft lower 0-10 ft lower - —
2 10 ft higher 5-10 ft higher 5 ft higher —
3 40-110 higher 3040 ft higher 540 ft higher Cc_ilmilof depression in Atlantic County, 10 ft
shallower.
A9 1 5-15 ft lower 5 ft lower — Cone of depression in Cape May County, 5 ft deeper.
2 5-15 ft higher 5 ft higher 5 ft higher Same area as above, 5 ft shallower.
3 55-130 ft higher 10-55 ft higher 0-40 ft higher Same area as above, 30 ft shallower.

unreasonably low. These sensitivity simulations show
that confining-unit specific storages of 6.0x10™%/ft and
6.0x10~%/ft are probably higher than the specific storage
of the New Jersey Coastal Plain confining units.

In the simulation with a confining-unit storage of
6x10~%/ft, water-level changes are much less than in the
other two simulations. The greatest increase in water
levels occurs in the Englishtown and Wenonah-Mount
Laurel aquifers (A4 and A5). In these aquifers, 1978
water levels near the center of the cone of depression in
Monmouth and Ocean Counties are 25 to 50 feet higher.
Water levels in downdip areas of these aquifers are 10 to
60 feet higher than those of the calibration simulation. In
all other aquifers, w<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>